Abstract. The inspection of optically rough surfaces searching for defects or other macroscopic features, or with the aim of characterizing roughness, are tasks well suited to optical techniques. We present the concept, the architecture, the mathematical modeling, the calibration, and some results of a device with episcopic coaxial illumination, specifically developed for surface inspections, which simultaneously renders both a coherent image and the energy spectrum of the complex reflection coefficient of a portion of the surface, precisely delimited by the illuminating laser spot. This concept is based on the well-known, singlelens, coherent image processing setup with beamsplitters added to insert the illuminating beam and to allow simultaneous access to the Fourier transform plane and to the image plane. Information about the resolved macroscopic features and the nonresolved surface microstructure (through the corresponding speckle signature) is obtained in both planes which enables different surface analysis strategies. The speckle sizes in the spectrum, and in the image, can be controlled by selecting the size of the illuminated area of the object and the lens aperture, respectively. Some envisaged applications are the detection and characterization of defects or macroscopic structures in rough surfaces, identification of authentication marks, evaluation of roughness parameters, and of speckle statistics.
Introduction
When a defect or a macroscopic structure or pattern is present in a coherently illuminated area of an optically rough reflective surface, the scattered light distribution encodes information about the macrostructure and the roughness (microstructure) of the illuminated surface. Since the invention of laser, many attempts have been made to decode the information present in the light scattered from a given surface for identifying and extracting the defect features and for measuring surface roughness statistics using a parametric approach as an alternative to the profiling techniques. 1, 2 Generally speaking, the different approaches described in the literature are based on analyzing some kind of angular distribution of the scattered light under well controlled coherent illumination (Approach A) or statistical properties of the speckle such as its contrast or correlation (Approach B) (Refs. 3, p. 305, 4, 5) . Approach A retains information about the macro-and microscopic structure of the object through the geometry of the scattered wavefront. In this approach, usually only the ensemble average of the optical intensity is of interest and the speckle is considered a kind of noise to be filtered. On the other hand, Approach B is best suited to analyze the microstructure of a homogeneous area, rendering its statistical parameters.
As we are interested in characterizing both macroscopic and microscopic features, we have left Approach B out of the scope of this work. Therefore, we will concentrate on the analysis of angular scattering distributions generated by a specific area of a given surface. The definitions of some of the concepts related to optical and surface spectra that we will employ along this work are: 6, 7 Spectrum or optical spectrum, is the complex amplitude distribution of the optical field, V s ðx s ; y s Þ, in the Fourier plane of our system, which is the conjugate plane of the virtual point source. Under certain conditions (detailed in Sec. 3.1), it is, excluding a quadratic phase term, proportional to the surface spectrumR o ðν x ; ν y Þ.
Energy spectrum or optical energy spectrum, is the optical intensity distribution in the Fourier plane of the system This is calculated as the squared modulus of the optical spectrum V s ðx s ; y s Þ.
Spatial spectrum of a surface or surface spectrum, is the spectrum of the complex reflection coefficient R o ðx o ; y o Þ of the surface. This is calculated as the spatial Fourier transform (FT) of R o ðx o ; y o Þ. Its symbol isR o ðν x ; ν y Þ. It should not be mistaken for the spectrum of surface heights H o ðx o ; y o Þ. Their relation can be derived from Eq. 2 in Sec. 3.1.
Energy spectrum of a surface or surface energy spectrum, is the energy spectrum of the complex reflection coefficient R o ðx o ; y o Þ of the surface. This is calculated as the squared modulus of the surface spectrumR o ðν x ; ν y Þ.
Angular spectrum of a wavefront, also called plane-wave spectrum of a complex amplitude, is the breakdown of the complex amplitude of the wavefront into plane waves. It is calculated as the spatial FT of the complex amplitude. This should not be mistaken for the optical spectrum because these concepts coincide only if the optical spectrum is obtained under collimated illumination as we explain in Sec. 3.1.
In an attempt to systematize the variety of instruments which have been employed or are suitable for our application, we have elaborated the following classification according to the instrument output and architecture:
1. Some systems sample the angular distribution of the scattered light with the illumination beam focused or nearly focused on the object, however, many of these systems are not designed to render a spatial spectrum of the inspected surface. Different architectures fall into this category ranging from the most obvious that simply determine the presence of defects by detecting reflected optical energy in directions other than those of the specular reflection 8, 9 to other, more elaborate ones, whose output resembles the angular spectrum of the reflected wavefront and can be correlated with some roughness parameters of interest or defect features. [10] [11] [12] 2. Some systems render the surface spectrum by free space propagation. The main advantages of these systems are simplicity and the absence of vignetting problems, however, they do not allow an image of the surface under inspection to be obtained. Two main variants have been described: a. Observation of the surface spectrum in the far field and illuminating with a collimated beam of small diameter (Refs. 6, p. 376, 7, p. 74, 13). The main limitation of this architecture is the lack of compactness. b.
Use of convergent illumination and observation of the surface spectrum in the plane where the illumination is focalized (Refs. 6, p. 398, 7, p. 107, 14, 15) . The main limitation, of this architecture, is the relatively large size of the illuminated field which prevents the possibility of analyzing small portions of the object.
3. There are systems that render the surface spectrum by means of a single positive transforming lens located after (downstream) the object. The surface spectrum is obtained as the optical spectrum in the conjugate plane of the source and, additionally, an image of the surface under inspection can be retrieved simultaneously in another plane (both spectrum and image are located downstream from the lens but their relative position depends on the illumination focus position). This configuration is well-known in the field of coherent image processing (Refs. 6, pp. 410, 478, 7, p. 235) but its potential for rough surface analysis has not been fully developed because most of the described applications are interested in the spectrum and not in the dual output (spectrum plus image):
a.
In the context of rough surface analysis, this scheme is frequently used for extracting only the surface spectrum, thus, resorting to other instruments, like microscopes, when images of the inspected surfaces are necessary. In this case, the absence of imaging requirements allows the transforming lens to be placed close to the object, thus, minimizing vignetting issues. In the references found, the particular configuration of collimated illumination is the most commonly used. [16] [17] [18] [19] [20] [21] [22] b.
When the object-lens distance is larger than the focal length, a surface spectrum is still formed and, as we formerly said, an image of the object can be retrieved simultaneously in another plane. 4. Several configurations are possible for two-lens coherent image processing systems that render both the surface spectrum and, additionally, an image of the surface under inspection. For these systems, the spectrum is, in any case, located in the conjugate plane of the source (Refs. 6, p. 474, 7, p. 235). Although this type of system was profusely applied in the field of rough surface analysis for demonstrating speckle contrast and speckle correlation techniques, we did not find references to its use in scattering techniques. Nevertheless, we have mentioned them here for the sake of completeness and because they represent a powerful and versatile approach to the problem of extracting and manipulating images and spectra.
In the majority of the scattering techniques, speckle is present in the whole space downstream from the scatterer and it usually constitutes a kind of noise which must be filtered, however, in other cases, speckle is precisely the desired signal. For example, authentication speckle-based schemes are, nowadays, a subject of research 23 taking advantage of the strong dependence of the scattered optical field on the particular, nonresolved, microscopic features of the illuminated surface.
We present a device, based on the single-lens coherent image processor configuration, that belongs to the type III.b, of the above classification, which simultaneously renders a coherent image and an optical energy spectrum which is proportional to the energy spectrum of the complex reflection coefficient of a small portion of a surface. Each of these outputs contain information about the distribution of this coefficient in the illuminated area considering not only its resolved spatial variation, but also its nonresolved structure (through the corresponding speckle signature), thus, allowing different surface analysis approaches. We demonstrate that the speckle sizes in the optical spectrum, and in the image, can be controlled by selecting the size of the illuminated area of the object and the lens aperture, respectively. The speckle size can be made large enough to enable the identification of surface zones on the basis of their particular speckle signatures. Some intended applications related to rough surfaces are performing inspections for detecting and characterizing defects or other surface features on the basis of their macroscopic, resolved reflection coefficient distribution, the identification of authentication marks on the basis of both the resolved and the nonresolved features of the reflection coefficient distribution (taking into account the speckle signature), the analysis of surface roughness in precisely delimited areas following a parametric approach as an alternative to profiling techniques, and the evaluation of speckle statistics. To the best of our knowledge, the proposed architecture was not yet reported for such applications and it may constitute an interesting option when small portions of a surface must be inspected and a certain control of the speckle size is desirable. In the following, we describe the instrument architecture, the mathematical modeling, a calibration performed on the prototype, and some results.
Architecture of the Optical System
The architecture of the device is depicted in Fig. 1 . It corresponds to the single-lens coherent image processing system (Ref. 6 , pp. 410, 478) with the addition of two nonpolarizing cube beamsplitters. The first one to coaxially introduce the episcopic illumination laser beam and the second one to allow simultaneous access to the FT plane and to the image plane. For a collimated input beam, the center of curvature C of the wavefront reaching the object coincides, approximately, with the focal point of the lens F, however, C can be displaced at will by changing the input beam curvature (for a gaussian beam in far-field, C coincides very precisely with the beam waist). 
Under the assumptions, (H1) Fresnel diffraction conditions apply to the propagation between planes z o → z L and z L → z s , (H2) a quadratic-phase approximation applies to the incident spherical wave in the plane z o , (H3) the wavefront incident on the object has uniform modulus, and (H4a) the distance z oL is sufficiently small that the effect of the lens aperture can be described by its geometric backprojection onto the object plane, the field amplitude V s in the plane z s , conjugate of z 0 c , is (Ref. 6 
where V − o is the complex amplitude of the field just before reaching the object, k ¼ 2π∕λ is the wavenumber, B L is a 
If, instead of (H4a), we suppose the more restrictive condition that (H4b) the lens aperture is large enough to collect all the light diffracted by the object, then p L ðx L ; y L Þ ¼ 1 and Eq. (1) 
where the tilde ð∼Þ stands for Fourier transform. Therefore, the optical field in the plane z s is, excluding a quadratic phase term, proportional to the spectrum,R o ðν x ; ν y Þ, of R o ðx o ; y o Þ. This spectrum would coincide with the angular spectrum (Ref. 6, p. 357) of the wavefront reflected from the object if collimated illumination were employed and the spatial frequencies would then be (in the paraxial approximation) ν x ¼ θ x ∕λ, ν y ¼ θ y ∕λ, where θ x and θ y are the angles between the propagation direction of a plane-wave component and the planes YZ and XZ, respectively. However, in our case, as a spherical incident wavefront is employed, the spatial frequencies ðν x ; ν y Þ are related to the deflection angles with respect to the incident rays coming from the virtual source C 0 which form angles θ ox and θ oy with the planes YZ and XZ. Therefore, in the paraxial approximation,
The ray tracing construction of Fig. 2 figure, the existence of vignetting of the spectrum is clear due to the effects of the object finite size and the diverging illumination. We deduced the maximum, ν M ðρ o Þ, and minimum, ν m ðρ o Þ, values of the spatial frequency corresponding to the marginal rays allowed by the aperture stop from a generic point P o ðρ o Þ of the object: From Eq. (5), a criterion to reduce the vignetting of the spectrum is to reduce both the object size-aperture stop diameter ratio D o ∕D L and the distances ratio z oL ∕z 0 co . The value of the object size D o is defined by the illuminated region in the object plane (we suppose that the object extends at least over the whole of this region) and is given by
being D u the illumination stop diameter and D b the illumination beam diameter (Fig. 1 ).
Imaging Process
Under the assumptions, (H5) quadratic-phase approximation in the lens plane z L for a spherical wave emanating from a point ðx o ; y o Þ in the object plane, (H6) diffraction-limited lens, (H7) Fresnel diffraction conditions apply to propagation between planes z L → z i , and (H8) object size D o smaller than D L ∕4, the coherent image formation can be described as a convolution (Ref. 7, p. 113):
where V þ o is the complex amplitude of the optical field just after being reflected on the object, m the magnification, and h oi ðx; yÞ the impulse response of the system.
Speckle Size
The model developed in Secs. 3.1 and 3.2 is equally valid for smooth and rough surfaces. In the case of a rough surface, speckle is present in the whole space downstream from the scatterer, and speckle properties can be used to extract information from the object, both in the image and in the spectrum plane. For this task, one of the most important characteristics of the speckle pattern is the grain size. In the following, we evaluate the speckle size in both planes.
Image plane
The lateral ε ρi and longitudinal ε zi speckle sizes in the image plane z i can be deduced from the correlation of the speckle intensities. Under the hypotheses (Ref. 3 , pp. 79-84), (H9) the illuminated area on the object is large compared with the correlation area of the wavefront just after being reflected from the object and (H10) the illuminated area on the object is large compared with the lens resolution cell on the object. Taking the criterion of the first minimum in the correlation, the speckle sizes are
Spectrum plane
As we have said, speckle is present in the whole space downstream from the scatterer. In the particular case of the spectrum plane, zones with high optical intensity (bright speckles) correspond to spatial frequencies of strong amplitude in the complex reflection coefficient of the surface. The stochastic character of the surface means that its spectrum is also stochastic and speckles appear. Although the optical generation of the spectrum of the reflection coefficient of rough surfaces is a common subject of study, it is not easy to find, in the literature, an estimation of the speckle size in this spectrum when it is obtained in locations other than the focal plane of the transforming lens. We present here, a calculation adopting the hypotheses (H1)-(H3) and (H4b) under which Eq. (3) was obtained. In addition, the two additional (H9) (defined in Sec. 3.3.1) and (H11) the normalized autocorrelation (or complex correlation coefficient) of the optical field just after being reflected from the object is wide-sense stationary (i.e., it only depends on the coordinate differences). The general procedure is to propagate the mutual intensity (i. e., the optical field autocorrelation) from the plane just after reflection on the object to the plane of interest and then calculate the autocorrelation of the optical intensity in this plane. In our case, in a similar way to the observation of the angular spectrum of a wavefront in the rear focal plane of a lens, (Ref. 3, p. 87) the generalized van Cittert-Zernike theorem indicates that the illumination intensity distribution in the object plane is the factor that determines (by Fourier transforming the intensity distribution) the lateral speckle size in the spectrum plane, ε ρs . The same theorem also indicates that the rapid surface fluctuations associated to the object roughness have no influence on the speckle size, but determine (through a FT of the autocorrelation of the optical field just after reflection on the object) the angular spread of the average optical intensity in the spectrum plane. Further insight into the relationship between speckle size and illumination distribution can be gained by taking into account that, as we stated in Sec. 3.1, the incident illumination on the object is supposed to be uniform and any spatial modulation or limits of the illumination must be included in the reflection coefficient R o ðx o ; y o Þ. In consequence, when Fourier transforming R o in Eq. (3), the result can be decomposed as the convolution of the FT obtained under uniform, infinitely extended illumination (whose speckle size is the minimum possible, limited by the exit numerical aperture of the optical system as observed from the plane z s ), with the FT of the illumination spot profile. In our case, this last FT takes the form of a pulse whose width determines (through the convolution) the minimum lateral size of the amplitude fluctuations in the spectrum plane V s as well as the width of the autocorrelation of V s . Finally, the speckle size can be directly estimated as the width of the intensity autocorrelation which is very similar to the width of the autocorrelation of the amplitude V s (Ref. 3, pp. 73-80 ). For example, supposing a circular uniform illumination spot of diameter D o , we estimate the lateral speckle size ε ρs by Fourier transforming this spot with the same spatial frequency scaling than in Eq. (3) and applying the criterion of the first minimum in the correlation:
being D a the diameter of the illumination beam projected on the lens plane as if the object were a plane mirror (Fig. 1) . From Eq. (6),
However, Eq. (10) was obtained assuming, as stated in (H4b), that the lens does not limit the system aperture and must be corrected to account for the finite aperture of the lens:
Our final conclusion is that the lateral speckle size in the spectrum, Eq. (12), is the same as the subjective speckle size that would create the lens of the instrument when its aperture stop diameter equals the smaller of the values D a and D L .
Results

Calibration
In order to calibrate the system, a precisely manufactured object with a well-known and sufficiently broad surface spectrum was employed. Specifically, we selected a Ronchi ruling made on glass with a spatial frequency of 300 line pairs per inch (11.81 mm −1 ). Images and spectra for different aperture stop diameters are presented in Fig. 3 . From them, we measured the image magnification m ¼ −7.87 (the full size of the scene is 1.12 × 0.84 mm 2 , although the images in Fig. 3 are cropped in horizontal size) , and the spatial frequency scale in the spectrum, ν x ∕x s ¼ ν y ∕y s ¼ 59.7 mm −1 ∕mm (full size of the frequency plane 386 × 288 mm −2 , although the spectra in Fig. 3 are cropped in horizontal size). The input beam is the collimated output of a single mode optical fiber coupled to a diode laser of wavelength λ ¼ 659 nm. It has a linear polarization and a gaussian profile of diameter D b ¼ 5.2 mm at e −2 relative intensity. The lens is an achromatic doublet, Thorlabs AC-254-050-A, of focal length f ¼ 50.0 mm. With these data, we calculated the theoretical values of the distances z oL ¼ 56.3 mm, z Li ¼ 443 mm, z 0 co ¼ z oc ¼ 6.57 mm and z Ls ¼ 244 mm, and compared them against their experimental values, directly measured in the prototype, resulting a maximum difference of four percent. These small discrepancies may be ascribed to the simplifications and assumptions made in the theoretical model as well as to errors in the measured distances, however, they are of little relevance to most applications as long as the magnification and the spatial frequency scale can be precisely calibrated as we have just described. Other theoretical distances of interest are z unidirectional texture, only the vertical spatial frequencies are large enough to reach the limits given by Eq. (5).
Lateral Speckle Size
From the data in Fig. 4 , columns (a)-(c), we confirmed that the theoretical values of the lateral speckle size in the image, ε ρi , calculated with Eq. (9), are compatible with the experimental ones. We also see clearly in the figure that, as Eq. (9) predicts, ε ρi increases when reducing the aperture stop size D L and does not depend on the size D o of the illuminated area of the object. With respect to the lateral speckle size ε ρs in the spectrum, we confirmed the compatibility between the theoretical values given by Eq. (12) (9) and (12), a linear array of dots of diameter equal to the theoretical speckle size, ε ρ , with a separation 2ε ρ between centers is also depicted in each insert. 
Extracting Features From a Rough, Reflecting
Small Object Figure 5 shows two series of dual outputs of our prototype, corresponding to two different zones of a holographic plate (emulsion on glass substrate). In each zone, an authentication mark was made with a miniature carbide endmill which removed the emulsion and scratched the glass. It is clear from the figure that each mark generates its particular signature in the image and in the spectrum and the combination of both pictures constitutes a powerful identification tool.
Conclusions
We proposed the application of a variant of the well-known single-lens coherent image processing setup for inspection and identification tasks of opaque rough surfaces, and designed, constructed and calibrated a prototype. At this respect, our main contributions are the use of coherent, precisely shaped, episcopic illumination and the addition of two cube beamsplitters to allow simultaneously acquisition of both the image of a well defined portion of the object surface and the energy spectrum of the complex reflection coefficient distribution of this portion. We also proposed, and experimentally validated, the expressions for the image and optical spectrum formation and for the speckle size in both image and optical spectrum by adapting to our specific instrument design the classical mathematical models based on the Fresnel diffraction. Some interesting features of this instrument for inspection and authentication tasks are:
• Flexible optical design. Conveniently selecting the focal length and the position of the illumination focus, a wide range of different magnifications in the spectrum and in the image can be obtained.
• The inspected area is precisely selected and monitored in real time in the image output.
• The sharpness of the image can be used as a criterion for the precise axial positioning of the object. This capability is not present in instruments which render only the spectrum as focusing on the basis of the spectrum sharpness is not feasible.
• The size of the inspected area is easily controlled by the illumination stop. Small values (<0.05 mm 2 ) can be achieved. • Controllable speckle size in the spectrum and in the image, with the possibility of increasing the speckle size in the spectrum without changing it in the image.
• The use of a single lens is advantageous in terms of minimizing the number of optical surfaces that can contribute to coherent noise (through on-axis parasitic wavefronts from reflections, or dust).
• The simple and compact architecture of the system allows its use in the field.
On the other hand, the main limitations of our design are that it presents a more severe vignetting than other spectrum analyzers (due to the larger object-lens distance) and the existence of a quadratic phase factor in the object-image impulse response. A related problem is that the imaging system is not shift invariant because the aperture stop is in the lens, not in the Fourier transform plane. However, the vignetting and the quadratic phase factor are negligible and the system can be considered shift invariant if the inspected object is small compared to the lens diameter and has a limited spatial frequency content. 
